A simple method for absolute-frequency measurements of molecular transitions in the mid-IR region is reported. The method is based on a cw singly resonant optical parametric oscillator (SRO), which is tunable from 3.2 to 3:45 μm. The mid-IR frequency of the SRO is referenced to an optical frequency comb through its pump and signal beams. Sub-Doppler spectroscopy and absolute-frequency measurement of the Pð7Þ transition of the ν 3 band of CH 4 are demonstrated. © 2011 Optical Society of America OCIS codes: 120.6200, 190.4970, 300.6320, 300.6340. Optical frequency combs (OFCs) based on mode-locked fs lasers can be used to phase-coherently link the visible and near-IR parts of the optical spectrum to microwave frequencies, and therefore to the SI second. Establishing a similar link between the mid-IR and microwaves is more challenging owing to the lack of mode-locked mid-IR lasers that could support an octave-spanning spectrum, which is a prerequisite to self-referenced operation of an OFC. The most promising technique for mid-IR OFC generation is based on synchronously pumped optical parametric oscillators (OPOs) [1] [2] [3] , in particular to those operated at degeneracy [1, 2] . In another approach, the need for self-referenced operation in the mid-IR is circumvented by transferring a visible or near-IR OFC to the mid-IR by optical difference frequency mixing [4, 5] . In addition to direct and indirect generation of mid-IR OFCs, absolute-frequency measurement techniques based on cw lasers have been developed. The basic idea common to all such techniques is to use nonlinear optics to link a cw mid-IR beam to a visible/near-IR OFC and hence further to a microwave frequency standard. This can be done by difference frequency generation [6, 7] , sum-frequency mixing [8] , or by using a cw optical parametric oscillator that is pumped with a near-IR laser [9] . These techniques have been used to measure absolute frequencies of some molecular transitions between 3 and 5 μm [6] [7] [8] . This wavelength region contains fundamental vibrational bands of CH, NH, and OH stretching modes, and is particularly important in molecular spectroscopy.
In this Letter, we present a new scheme for mid-IR absolute-frequency spectroscopy. The basic idea is similar to that previously reported by Kovalchuk et al. for frequency comparison between a 3:39 μm CH 4 -stabilized HeNe laser and a 532 nm I 2 =Nd:YAG laser [9] . Kovalchuk et al. used non-phase-matched components of a pumpresonant, singly resonant OPO [10] to bridge the two wavelength regions [9] . Our solution relies on the use of a cw optical parametric oscillator that is truly singly resonant (SRO). The SRO produces a tunable, high-power mid-IR beam that can be directly used in sub-Doppler molecular spectroscopy while being referenced to a visible or near-IR OFC in a simple manner. In the following, we describe the method and its realization.
An SRO is pumped with a laser at frequency ν p , and it produces two output beams. These output beams are called the signal and idler, and their frequencies (ν s and ν i , respectively) are linked to the pump frequency by the law of energy conservation:
The wavelength λ i of the idler of a typical mid-IR cw SRO is widely tunable at 3-4 μm. In the most common implementation, the pump beam is produced by a high-power cw laser operating at λ p ≈ 1 μm. As a result, the signal wavelength λ s is approximately 1:5 μm. According to Eq. (1), the frequency of the mid-IR idler beam can be unambiguously determined by measuring the frequencies of the pump and signal beams. This can most easily be done using an OFC generator based on an Er-doped fiber laser, in which case the pump and signal wavelengths are directly within the spectral coverage (1.0 to 2:1 μm) of the OFC. Another solution, which is the one we have used in this work, is to frequency double the pump and signal beams, so that their frequencies can be measured using a Ti:sapphire comb that typically extends from 0.5 to 1:1 μm.
An OFC based on a mode-locked laser consists of a large number of equidistant laser peaks, and the optical frequency of the mth peak is f m ¼ f ceo þ mf rep , where f ceo is the carrier-envelope offset frequency and f rep is the repetition rate of the comb laser. When the frequencies of the SRO's pump and signal are measured against the adjacent comb peaks m p and m s , respectively, beat frequencies f p ¼ f mðpÞ − ν p and f s ¼ f mðsÞ − ν s are observed. The absolute frequency of the idler beam can then be obtained, using Eq. (1), as
Þf rep AE f 2s AE f 2p if the frequency-doubled pump and signal beams are referenced to the comb). The repetition rate of the comb laser is typically locked to a microwave frequency standard (such as a Cs-clock or a hydrogen maser) and is known with high accuracy. The comb mode numbers, m p and m s , can be obtained by measuring frequencies ν p and ν s coarsely with an accurate wavelength meter. Beat frequencies f p and f s can be counted simultaneously with two frequency counters referenced to a frequency standard. We point out that the measurement is independent of f ceo . This greatly simplifies the experimental setup, since f ceo does not have to be stabilized or measured.
The experimental realization of the method is schematically shown in Fig. 1 . The SRO is essentially similar to the one described in our earlier work [11] . The SRO cavity is a bow-tie ring cavity, which comprises four mirrors that are all highly reflective (>99:9%) at the signal wavelength. The pump laser system outputs up to 15 W of linearly polarized light at 1064 nm. The nonlinear crystal is a 5 cm long periodically poled 5% MgO-doped lithium niobate (MgO:PPLN). Coarse tuning of the idler wavelength from 3.2 to 3:45 μm is achieved with a single poling period (30:5 μm) by varying the MgO:PPLN temperature. Mode-hop-free fine tuning of the idler over more than 90 GHz is obtained at any set point by tuning the pump laser with a piezoelectric actuator (PZT). In addition, the signal frequency can be fine tuned by up to one cavity free spectral range (580 MHz) by changing the length of the SRO cavity with another PZT (see Fig. 1 ). The maximum single-mode output power of the SRO idler beam is >0:5 W.
The OFC generator used in this work has been described in detail in previous publications [12, 13] . It is based on a mode-locked fs Ti:sapphire laser. The repetition rate of the laser is approximately 1 GHz, and it is locked to an active hydrogen maser, which is traceable to the SI-second through UTC. In order to reference the SRO pump frequency to the Ti:sapphire OFC, a fraction of the pump laser beam is picked before the SRO and frequency doubled in a 3 mm long potassium titanyl phosphate crystal. Single-pass doubling with type II (eo-e) phase matching is used to produce more than 1 mW of green (532 nm) with a pump power of 2 W. A single-mode optical fiber is used to transfer the green light to another optical table that accommodates the OFC. The light exiting the fiber is overlapped with the green part of the OFC spectrum in a nonpolarizing beam splitter, and a grating filters out the unwanted spectral components before the detection of beat signal f 2p with a fast photodiode. The signal-to-noise ratio (SNR) of f 2p is 30-40 dB in a resolution bandwidth (RBW) of 300 kHz. Generation of 2ν s does not require a separate frequency doubler, since a significant amount of stable second harmonic power of the signal is produced in the MgO:PPLN of the SRO as a result of a residual nonlinear mixing process. Depending on the wavelength of the signal beam, and with >0:3 W of idler output power, the frequency-doubled power exiting the SRO through mirror M3 (Fig. 1) is 50 to 800 μW, as measured after a gold-coated grating that separates λ s =2 from other wavelengths emitted by the SRO. The λ s =2 beam is coupled into a single-mode fiber and combined with the near-IR part of the OFC in a 2 × 1 fiber coupler. The two overlapping beams are filtered with a grating and passed to a fast photodiode for beat-frequency measurement. The SNR of this beat signal (f 2s ) is 15 to 25 dB in a 300 kHz RBW, which is sufficient for frequency counting after band-pass filtering. Much higher output power at 2ν s , and hence a better SNR of f 2s could be obtained by using an additional frequency-doubling crystal inside the SRO cavity [14] .
As the first test of the method and instrumentation, we measured the frequency stability of the free-running SRO. The recorded beat frequencies, as well as the idler frequency deviation calculated from them, are shown in Fig. 2 . The corresponding Allan deviation is plotted in Fig. 3 . This measurement allows frequency drifts of the SRO to be studied with much higher precision than what is possible with a wavelength meter [11] , revealing the exceptional stability of our SRO. Similar stability has previously been reported only for actively stabilized SROs [14, 15] and/or for pump-resonant SROs [10] .
The good passive stability and high output power of the SRO allow sub-Doppler spectroscopy to be done without a power enhancement cavity. A simple saturatedabsorption spectrometer outlined in Fig. 1 is sufficient. An example of a sub-Doppler spectrum of methane measured with the setup is shown in Fig. 4 . The single-pass mid-IR power in the sample cell was 600 mW, and the 1=e 2 diameter of the collimated mid-IR beam was 2:7 mm. This corresponds to an order of magnitude larger intensity than the saturation intensity. The spectrum was recorded by continuously scanning the SRO frequency over the line and by averaging several scans (over 5 min.) in order to improve the SNR of the measurement. Averaging a large number of scans is made possible by the link 
